The influence of foams on laser shocks was studied with ns laser pulses smoothed with phase zone plates and focused onto layered foam-aluminum targets. Foams of 5 -200 mg/cm 3 density and 60 m thickness were used. A strong pressure increase was measured with the foam in comparison to focusing the beam directly onto aluminum due to impedance mismatch at the aluminum-foam interface. Below a particular density, the measured pressure decreased as a result of hydrodynamics effects. Results are compared with computer simulations.
Laser interaction with foams has recently been the subject of many scientific experiments. [1] [2] [3] [4] [5] Among the several reasons for such interest we recall that, in direct-drive inertial confinement fusion ͑ICF͒, the use of ''foam buffered targets'' may produce an effective smoothing of laser energy deposition, as first proposed in Ref. 2 . This may be the only way to solve the problem of early laser ''imprints, '' 6,7 which cannot be eliminated by temporal and/or spatial smoothing.
In this context, the smoothing capability of foams is not the only critical parameter. Indeed, the introduction of foams should not create a plasma where laser instabilities are likely to develop and should not degrade the compression efficiency of the pellet. The latter problem has been considered in Ref. 2 , but the diagnostics allowed the study of the hydrodynamics of a layered foam-solid target at later times only. These authors did show that the time histories of target motion with and without foam were substantially the same; anyway this is exactly what is expected since target motion at long times is determined only by its mass and the laser ablation pressure, which is relatively independent of the target material. In other words, the target motion at later times, studied in Ref. 2 , is not enough to discriminate the effects of the presence of the foam. Also in this context, it is important to study the details of shock propagation in foams and the transmission to the payload material. Indeed, in ICF it is fundamental to compress the target along a low isentrope so as to minimize the drive energy and reach a high gain. Thus, the generation of strong shocks, which could preheat the thermonuclear fuel and make its compression more difficult, must be avoided, especially in the early stages of the implosion.
Hence, more precise diagnostics are needed to study how the target is set in motion. To this aim, we studied the shock breakthrough from layered targets made of foam on the laser side and a stepped aluminum layer on the rear side ͑Fig. 1͒. A streak camera detected shock breakthrough at the base and at the step of the target, allowing the shock velocity to be measured. Although Al is not a material used in ICF targets, it allows us to simulate the realistic situation of shock transmission from the low density foam to a denser payload material. The great advantage of aluminum is that its equation of state ͑EOS͒ is well known, [8] [9] [10] which makes it a typical reference material for pressure determination. 11, 12 The experiment was made with three beams of the Lab-PHYSICS OF PLASMAS VOLUME 5, NUMBER 8 AUGUST 1998 oratoire pour l'Utilisation des Lasers Intenses ͑LULI͒ Nd laser ͑converted at ϭ0.53 m, with a maximum energy E 2 Ϸ100 J͒ focused onto the same spot with fϭ500 mm lenses. The pulse was Gaussian in time with a full width half maximum ͑FWHM͒ of 600 ps. We recorded the temporal shape of the laser pulse on each shot using a fast vacuum photodiode and a 7 GHz oscilloscope. Figure 1 shows the scheme of the setup. We used phase zone plates ͑PZPs͒ in order to produce a flat-top intensity profile that would give shocks with a very planar front. 11 Despite the smoothing effect induced by foams, the use of PZPs was necessary in our experiment in order to get the same irradiation for any foam density.
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Our optical systems ͑PZPϩfocusing lens͒ produced a focal spot of 400 m FWHM, with aϷ200 m wide flat region in the center, corresponding to a laser intensity Iр6
. Such large spots were needed to reduce twodimensional ͑2D͒ effects because the total thickness of the target was of the order of 80 m. Indeed, hydrodynamic simulations performed with the 2D code DUED 13 show a negligible influence of such effects on our measurements.
The stepped targets were produced at the Target Preparation Laboratory in Commissariat à l'Energie Atomique in Limeil with an electron gun deposition technique.
14 The aluminum base thickness was 13 m, and the step 5 m. The foam layers were realized with a technique developed at Dundee University. 15 The monomer was TMPTA ͑trimethy-lol propane triacrylate, C 15 H 20 O 6 ͒. Starting from a monomer solution containing a photoinitiator, foams were polymerized in situ using ultraviolet ͑UV͒ light inside a brass ring of Ϸ60 m thickness, closed at one end with the stepped aluminum foil. The ring determined the thickness of the foam which was checked again at the end by optical microscopy. Foam densities from 5 to 900 mg/cm 3 with uniform submicron pore sizes can be produced. Figure 2 shows two streak camera images with a time fiducial on the top right of each image. On the left ͑a͒, a stepped aluminum target without foam was used while on the right ͑b͒, a foam layer was present. All other conditions, including energy (E 2 Ϸ32 J), were the same. Figure 2͑b͒ shows a delayed shock breakthrough due to the time needed for the shock to travel through the thick foam. The picture also shows that the shock velocity in aluminum increases. Hence the pressure deduced from the velocity also increases. We used the SESAME tables 9 for pressure determination ͑alternatively, the QEOS model 10 can be used͒. Such effects are a function of the foam density as shown in the experimental results of Fig. 3 . The points for ϭ1 mg/cm 3 are in reality those obtained with targets without foam. The pressure generated in this case ͑Ϸ7 Mbar͒ corresponds approximately to what can be obtained from scaling laws 16 for our laser and target parameters:
where P is in Mbar, in m, and I in W/cm 2 . The points for ϭ1100 mg/cm 3 correspond to targets with a layer of polymer at normal density. Here the plastic thickness is 15 m, indeed, the use of 60 m in this case would imply that the shock pressure is not maintained, our laser duration being too short.
The principle of pressure increase relies on well-known impedance mismatch, 17 in our case between the foam and the aluminum. By decreasing the foam density, the impedance mismatch increases and the shock pressure in Al is expected to increase. We note ͑in Fig. 3͒ , however, that for р100 mg/cm 3 the behavior is reversed. Several effects produce this result.
͑1͒ At the lowest densities, the direct interaction of the laser with the metal behind the foam cannot be avoided. This is due to the fast ablation rate of the foam and also to the fact that the foam itself may be undercritical. Simple analytical laws predict the ablation velocity 18 as where now t is in ns, and v a in cm/s. Hence for our laser parameters foams with a density р15 mg/cm 3 are completely ablated during the pulse. Furthermore, direct lasermetal interaction occurs when the very low density foam is undercritical. Assuming a complete ionization of the low-Z elements of the foam, this is the case for р12 mg/cm 3 . A partial ionization is not likely, considering the high temperatures reached in the foam ͑as shown in simulations͒. These two effects contribute to gradually lower the pressure to the value measured in simple metal targets, producing a meaningful continuity of physical results. The residual measured increment at such low densities is probably due to the partial confinement of the expanding aluminum plasma by the foam, as observed in shocks produced by focusing lasers on the surface of targets under a layer of transparent material.
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͑2͒ For foams in the range 20-100 mg/cm 3 , the pressure is increased at the interface due to impedance mismatch, but other effects arise which justify the behavior of shock pressure versus foam density:
͑a͒ First, the shock may be transmitted to the aluminum layer before it has reached a steady state, i.e., when the maximum pressure has not been reached yet. By using shock relations for ideal gases, it is possible to show analytically that in this case for a fixed foam thickness the pressure generated in aluminum decreases with density.
͑b͒ Second, the pressure generated in the foam is increased by impedance mismatch but is not maintained. This is due to the reflected shock which travels rapidly back through the foam and is then reflected as an unloading wave at the critical surface. This unloading wave will also propagate rapidly through the hot foam and aluminum 2, 17 and may reach the initial shock before it gets to the rear surface. This results in a mean pressure inside the solid material which is smaller than the maximum pressure determined by mismatch conditions.
Simulations performed with the one-dimensional hydrocode MULTI 20 show indeed that for densities below 100 mg/cm 3 , a very high pressure is reached at the aluminum-foam interface but is not maintained. In these simulations, radiation transfer is taken into account using a multigroup radiative diffusion model. We verified anyway that radiative effects are not important in the sense that they may slightly alter the local plasma profile in the foam but do not appreciably change the overall hydrodynamic behavior. Also, simulations show a negligible preheating of Al. This has been experimentally verified too, by looking at the temporal behavior of the rear side emission, as shown in Refs. 21 and 22.
As one can observe in Fig. 3 , the simulations describe the overall behavior of experimental data well qualitatively. The lack of detailed agreement may be partly due to the fact that foam opacities and foam EOS are not sufficiently well known. We used the Los Alamos opacity database 23 for TMPTA and SESAME EOS 9 for plastic ͑table 7592͒ where the initial density has been set to the experimentally measured foam density. This table corresponds to polystyrene, ͑TMPTA EOS is not available͒. However we verified that the use of EOS tables for different plastics gives similar results.
In conclusion, we presented novel results concerning the shock propagation in a foam-solid target. At the foam-solid boundary, a key role is played by pressure increase due to impedance mismatch. We have shown how this strongly increases the pressure reached in the solid. Our results, obtained at intensities typical of the National Ignition Facility and megajoule laser footpulses, have important consequences for the design of foam buffered targets. Hence they must carefully be considered so as to estimate the shock enhancement at the foam-solid boundary which will move the target material off the isentrope with a significant loss of compression efficiency.
Finally, we want to point out that both the foam equation of state and opacity can play a role in the dynamics of the shock propagation. This means that precise foam data are needed to improve simulation reliability and future foam buffered target design.
